The paper focuses on timber structures. Static analysis was performed in the paper of timber lattice columns with N and V lattice configuration made in variants of timber, plywood, fibreboard and particleboard. As a part of the study, formulae determining critical force in the column and the column slenderness ratio were derived basing on the theory by Timoshenko and Gere. In addition, the paper includes formulae applicable to shearing forces occurring in the column as well as maximum shearing forces that a column can carry, also based on the theory by Timoshenko and Gere. Basing on the formulae described above and the formulae given in the literature (EN-1995 Eurocode 5 Standard), a comparative analysis was carried out of the load-bearing capacity of columns and calculations for the truss. The calculations demonstrate that there are discrepancies between the static values being compared and both calculation methods lead to partially divergent results.
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Introduction

Comments on the used wood
Wood together with wood-based materials is the basic building material, just like steel and concrete constructions. The wood used for making the columns in question can be divided into two groups: wood of coniferous trees and wood of deciduous trees. The first group comprises spruce, fir, pine, larch, western hemlock and Douglas-fir. The second group is made of oak, beech, teak, Angelique/Basralocus, bloodwood, greenheart, Azobe/Bongossi. Out of those aforementioned trees, it is such tree as pine is most often used in Europe. Information about density of timber used to make columns in question can be found in Sect. 1.3 entitled "timber density" and in Table 1 .2 in Neuhaus [1]. The essential property of timber is its moisture which influences its strength. Comments on the moisture of timber can be found in Sect. 1.5 entitled "timber moisture" and in the Table 1 .3 in Neuhaus [1] . Strength and elasticity properties as well as density of used wood from coniferous and deciduous trees were assumed basing on EN 338 [2] Standard. However, strength and elasticity properties of plywood as well as fibreboard and particleboard were assumed basing on EN 12369-2 [3] and EN 12369-1 [4] standards respectively.
The subject of the paper
The subject of the paper is lattice columns with N and V lattice configurations. Column flanges are commonly made of solid wood or glued laminated timber, and the truss can be made of wood, plywood, fibreboard or particleboard.
The theory given in Timoshenko and Gere [5] shows that in the case of lattice columns their critical load-bearing capacities are lower than the critical load-bearing capacities of solid columns of the same slenderness ratio and crosssectional area. This is mainly due to the fact that the influence of shearing on the displacement in the lattice columns is significantly higher than in the solid columns. At the same time, the critical load-bearing capacity depends on the elastic and strength characteristics of the truss as well as its arrangement in the column. Due to the above, the author carried out a comparative static analysis basing on the formulae derived from the theory given in Timoshenko and Gere [5] that includes the influence of shearing on displacements as well as the formulae given in EN-1995 Eurocode 5 [6] without taking into account these influences.
Calculations for lattice columns with N and V lattice configurations based on the literature (EN-1995 Eurocode 5 [6]) state-of-the-art
The slenderness ratio of a lattice columns with N and V lattice configurations fixed rigidly to the column flanges is derived from the formula:
where:
λ tot -is the slenderness ratio for a solid column with the same length, the same area and the same second moment of area:
For a glued N-truss:
For a glued V-truss:
Based on the literature, the shear forces in columns V p and the maximum shear forces V p,max that a column can carry are derived from the formulae:
In order to determine the maximum shear force V p,max that the column can carry, the value of the maximum force P, at which the load-bearing capacity of the column is not exceeded needs to be substituted in the formulae (5).
(1) ef = max
Derivation of formulae for calculations of the column load-bearing capacity based on the theory given in Timoshenko and Gere [5] taking into account the influence of shear strains
Determination of critical force
In order to determine critical force, taking shear into account, a rod deflection differential equation, as derived by the author, was used. That equation accounts for the influence of shear forces on deflections, and it has the following form:
where k 2 equals:
Derivation of Eq. (6) is presented in the author's article Śliwka [7] . Formula (7) can also be found in Łubiński et al. [8] .
In that paper, a case of a rod loaded with longitudinal compressive force P was analysed, which results in the fact that the bending moment M(x), present in the equation, and transverse load q(x) take up the 0 value M(x) = 0 q(x) = 0. That yielded the following equation:
The Eq. (8) can also be found in Piechnik [9] as well as in Jakubowicz and Orłoś [10] .
The equation was solved, using the method of operational calculus, based on Laplace transformation Osiowski [11] . The solution of the equation is the following function:
The Eq. (9) can also be found in Piechnik [9] as well as in Jakubowicz and Orłoś [10] .
Critical force was derived from a boundary condition, saying that the value of the argument of function sin at point x = l k•l equals:
Replacing k in the equation, where k 2 = P EI 1 − P GA and n = 1, the following formula for critical force P = P c,crit , was obtained:
Formulae (11) and (12) are presented in the author's articles Śliwka [7] Śliwka [12] .
Formula (11) can also be found in Timoshenko and Gere [5] and Łubiński et al. [8] and the formula (12) in Piechnik [9] as well as in Jakubowicz and Orłoś [10] .
Determination of slenderness ratio λ ef for a lattice column basing on the theory given in Timoshenko and Gere [5] In the formula (11) the coefficient GA is substituted with the coefficient . The coefficient η is the value, by which the shear force V p needs to be multiplied in order to obtain an additional angle of the deflection line caused by shearing. Hence, we get:
In order to determine the η value, horizontal displacements caused by shear force need to be examined in every particular case. For this purpose, the column presented below was used for analyses:
Horizontal displacement is caused by elongations and shortenings of the truss columns in every area (Fig. 1b, c) . Elongation of a diagonal caused by shear force V p amounts to:
Based on the expression (14) the horizontal displacement u 1 equals:
Horizontal displacement resulting from the shortening of the truss horizontal members equals:
The total angular displacement γ caused by the shear force V p is determined on the basis of the formulae (15) and (16): Using the formula (13) we get:
By substituting the expression (18) in the formula (11) the following formula for the critical force for the column with N-truss was derived:
The formula for the critical force for the column with V-truss according to the Fig. 2 was obtained from the formula (19) by neglecting in it the expression including the area of the vertical A s . Thus, the following formula was derived:
is the critical force for the column considered as solid. On the basis of the formulae (19) and (20) the buckling spans of the columns with built-up cross-sections are the following: For columns with N-truss: Thus, using the formulae (21) and (22), the author proposes the following formulae for the column slenderness ratio λ ef .
For columns with N-truss:
For columns with V-truss:
Calculations of truss based on the theory given in Timoshenko and Gere [5]: determination of shear forces
The formulae used to determine maximum shear forces occurring in the columns V p are of the following form:
The formulae, used to determine maximum shear forces V p,max that the column can carry, are of the following form:
the mean stress σ mid in the formula (31) is derived from the equation:
Derivations of the formulae (28)-(32) are given in the author's article Śliwka [12] . 
. In the analyses the columns with the slenderness ratios of λ ef = [20, 30, 40, 50, 100, 150] were taken into consideration. The paper presents the calculation results for the columns with the slenderness ratios of λ ef = 50, the maximum slenderness ratio of λ ef = 150, the intermediate slenderness ratio of λ ef = 100 and the slenderness ratio of λ ef = 30, for which the differences between the compared static values of λ ef , k c , n, (n − 1)·100% are the greatest. The slenderness ratios values λ ef = [20, 30, 40, 50, 100, 150] refer to calculation based on the formulae given in EN-1995 Eurocode 
Comparative static analysis of the load-bearing capacity of columns
A comparative static analysis of columns was conducted with regards to their critical load-bearing capacity, using the formulae given in EN-1995 Eurocode 5 [6] and those based on the theory presented in Timoshenko and Gere [5] . The comparative analysis was based on a value λ ef described with the formulae (1), (23) and (24). The formula (1) was used to determine critical load-bearing capacity of a column without taking the influence of shearing into consideration. However, the formulae (23) and (24) were used to determine critical load-bearing capacity taking the influence of shearing into consideration.
5 [6] . It was assumed that the column flanges were made of solid wood of class C24, and the truss elements were made in variants of timber, plywood, fibreboard and particleboard. It was assumed that the truss elements were glued to the column flanges. Aminoplastic resin, phenolic resin and polycondensation adhesive, described in the standard EN 301 [13] , are among the possible materials that can be used for gluing. Columns with flanges with the dimensions of 100 × 100 mm were analysed. It was assumed that the distance of the flanges of the column was h = 400 mm. The thickness of the truss elements was assumed as equal to g = 20 mm. As the widths of the truss elements made of particleboard 20 mm wide obtained from calculations turned out to be significantly larger than the widths of the truss elements made of wood, plywood and fibreboard, an additional analysis of the column with particleboard truss of the thickness of g = 24 mm was carried out. The analysis shows that the change in thickness significantly affects the static quantities compared. The width of the truss elements was obtained from the load-bearing capacity condition of the compressed column under buckling and the load-bearing capacity of the glued joint connecting the truss elements to the column flanges. The values of the compressive forces in the columns were selected so that the load-bearing capacities of the columns calculated on the basis of the formulae given in EN-1995 Eurocode 5 [6] with the assumed dimensions of column elements were n = 1. The load-bearing capacity with the value of n = 1 means that the stresses in the element are equal to the stress values acceptable for the assumed wood class. Values of n > 1 indicate how much the load-bearing capacity is exceeded. Values of n < 1 indicate the value of the loadbearing capacity reserve. In order to determine how much the load-bearing capacity is exceeded and the value of the load-bearing capacity reserve, the value of the expression (n − 1)·100% needs to be calculated. Tables 2, 3 , 4, 5, 6, 7, 8 and 9 summarise the static values based on the comparative analyses. These values are the slenderness ratio λ ef , instability factors k c load-bearing capacity n, and percentage differences concerning load-bearing capacity (n − 1)·100%. These values were determined on the basis of the formulae given in EN-1995 Eurocode 5 [6] In Tables 2-9 (1), (23) and (24), k c instability factor, n load-bearing capacity of a column, g = 20 mm and g = 24 mm of truss elements thickness and the formulae based on the theory given in Timoshenko and Gere [5] .
Comparative static analysis for the truss calculation
The comparative static analysis was conducted of maximum shear forces V p , caused by longitudinal compressive force P, and maximum shear forces V p,max a column can carry. The comparative analysis was based on the formulae (5) and (28)-(31). The formula (5) was used to determine shear forces in the column basing on the theory given in EN-1995 Eurocode 5 [6] which does not take into consideration the influence of shearing on critical load-bearing capacity. Formulae (28)-(31) were used to determine shear forces in the column basing on the theory given in Timoshenko and Gere [5] which takes into consideration the influence of shearing on critical load-bearing capacity. Elasticity and strength values of the materials in use are presented in Table 1 . In the analyses, columns of four slenderness ratios λ ef = 30, λ ef = 50, λ ef = 100 and λ ef = 150 were considered. The calculations were carried out for truss made in variants of wood, plywood, fibreboard and particleboard. In all cases, one compressive longitudinal force P was adopted, causing maximum compressive stresses in the flanges of the analysed column with the slenderness ratio of λ ef = 150 with calculations based on the formulae given in EN-1995 Eurocode 5 [6] . The maximum initial curvature of the column a and the eccentric of the force e action were determined from the formulae (33) and (34). The results of the analyses are presented in Tables 10, 11 
Experimental studies
The columns load-bearing capacity formulae, derived in the paper, can be verified experimentally by conducting comparative analysis for instability factors k c and load-bearing capacity n. A description of non-destructive tests concerning instability factor k c is given in the author's article Śliwka [7] , while the destructive tests for load-bearing capacity consist in the determination of forces destroying an element under study, and comparing them with forces established through theoretical analysis.
Results and discussion
1. The analysis concerning the load-bearing capacity of columns with N-truss shows that the smallest differences between the compared static values of λ ef , k c , n, (n − 1)·100% are observed in the case of the columns with the slenderness ratio of λ ef = 100 with the truss made of particleboard with the thickness of g = 24 mm, and the greatest differences are observed for the columns with the slenderness ratio of λ ef = 30 with the truss made of particleboard with the thickness of g = 24 mm.
1.1. In the case of the columns with the slenderness ratio of λ ef = 100 with the truss made of particleboard with the thickness of g = 24 mm the percentage differences between the compared values are 0%. 1.2. In the case of the columns with the slenderness ratio of λ ef = 30 with the truss made of particleboard with the thickness g = 24 mm the slender- ness ratio determined from the formulae based on the theory given in Timoshenko and Gere [5] is by 83.53% greater than the slenderness ratio determined from the calculations based on the formulae given in EN-1995 Eurocode 5 [6] . The instability factor k c determined from the formulae based on the theory given in Timoshenko and Gere [5] is by 22.26% smaller than the instability factor determined from the calculations based on the formulae given in EN-1995 Eurocode 5 [6] . The load-bearing capacity determined from the formulae based on the theory given in Timoshenko and Gere [5] is exceeded by 28.5% as compared to the load-bearing capacity of n = 1 determined from the formulae based on the theory given in EN-1995 Eurocode 5 [6] .
2. The analysis concerning the load-bearing capacity of the columns with V-truss shows that the smallest differences between the compared static values of λ ef , k c , n, (n − 1)·100% are observed in the case of the columns with the slenderness ratio of λ ef = 50 with the truss made of wood, and the greatest differences are observed in case of columns with the slenderness ratio of λ ef = 30 with the truss made of particleboard with the thickness of g = 24 mm.
2.1. For columns with the slenderness ratio of λ ef = 50 with the truss made of wood, the slenderness ratio determined from the formulae based on the theory given in Timoshenko and Gere [5] is by 3.37% greater than the slenderness ratio determined from the calculations based on the formulae given in EN-1995 Eurocode 5 [6] . The instability factor k c determined from the formulae based on the theory given in Timoshenko and Gere [5] is by 2.39% smaller than the instability In Tables 10-17 p maximum shear force, caused by compressive force P, for a column with its initial curvature described with a sinusoid, V e p maximum shear force, caused by compressive force P, for a column, where force P acts on eccentric e, V a p,max maximum shear force a column can carry, for a column with its initial curvature described with a sinusoid, V e p,max maximum shear force a column can carry, for a column, where force P acts on eccentric e, λ ef slenderness ratio for a column g = 20 mm and g = 24 mm of truss elements thickness factor determined from the calculations based on the formulae given in EN-1995 Eurocode 5 [6] . The load-bearing capacity determined from the formulae given in Timoshenko and Gere [5] is exceeded by 2.4% as compared to the loadbearing capacity of n = 1 determined from the formulae given in EN-1995 Eurocode 5 [6] . 2.2. For the columns with the slenderness ratio of λ ef = 30 with the truss made of particleboard with the thickness g = 24 mm, the slenderness ratio determined from the formulae based on the theory given in Timoshenko and Gere [5] is by 46.77% greater than the slenderness ratio determined from the calculations based on the formulae given in EN-1995 Eurocode 5 [6] . The instability factor k c determined from the formulae based on the theory given in Timoshenko and Gere [5] is by 9.92% smaller than the instability factor determined from the calculations based on the formulae given in EN-1995 Eurocode 5 [6] . The load-bearing capacity determined from the formulae given in Timoshenko and Gere [5] is exceeded by 10.9% as compared to the loadbearing capacity of n = 1 determined from the formulae given in EN-1995 Eurocode 5 [6] .
3. As a part of the analysis concerning the calculations for the N-truss and V-truss it was shown that the shear forces determined from the calculations based on the theory given in Timoshenko and Gere [5] are significantly smaller than the shear forces calculated on the basis of formulae given in EN-1995 Eurocode 5 [6] . The smallest differences between the values of these forces occur for the columns with the slenderness ratio λ ef = 30 with the N-truss and V-truss made of particleboards with the thickness of g = 24 mm having the initial curvature described with a sinusoid. The greatest differences between the values of these forces occur in the case of columns with the slenderness ratio of λ ef = 150 with the N-truss and V-truss made of wood, plywood, fibreboard and particleboard with the forces P acting at the eccentric e. In addition, it can be concluded from the analyses that the shear forces determined from the formulae based on the theory given in Timoshenko and Gere [5] do not differ in many considered cases from each other and in other cases they differ only slightly. 4. The shear forces calculated on the basis of the formulae based on the theory given in Timoshenko and Gere [5] are greater for the column with the initial curvature described with a sinusoid than in the case where the forces P act at the eccentric e. 5. It was also shown that the greatest shear forces V p,max that the column can carry determined from the formulae based on theory given in Timoshenko and Gere [5] differed from the maximum shear forces derived from the calculations based on the formulae given in EN-1995 Eurocode 5 [6] . The smallest differences between the compared values in the case of the column with the N-truss occur with its slenderness ratio of λ ef = 30, with the truss made of wood and the initial curvature described with a sinusoid. The smallest differences between the compared values in the case of the column with the V-truss occur with its slenderness ratio of λ ef = 30, with the truss made of particleboard with the thickness of g = 24 mm and the initial curvature described with a sinusoid. The greatest differences between the compared values in the case of columns with the N-truss and V-truss occur with their slenderness ratio of λ ef = 50, with the truss made of wood and with the forces P acting at the eccentric e. In addition, it can be concluded from the analyses that the maximum shear forces that the column can carry, determined from the formulae based on the theory given in Timoshenko and Gere [5] differ slightly in many cases.
